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TIME-OF-FLIGHT DEPTH IMAGING 

BACKGROUND 

A depth camera system obtains data regarding the location 
of a human or other object in a physical space. The camera 
may have one or more sensors that have pixels that collect 
light intensity. Depth values may be determined from the light 
intensity. For example, the light intensity data from tWo sen 
sors may be correlated and a depth value may be determined 
for each pixel. The depth values may be input to an applica 
tion in a computing system for a Wide variety of applications. 
Many applications are possible, such as for military, enter 
tainment, sports and medical purposes. For instance, depth 
values regarding a human can be mapped to a three-dimen 
sional (3-D) human skeletal model and used to create an 
animated character or avatar. 

To determine depth values, the depth camera may project 
light onto an object in the camera’s ?eld of vieW. The light 
re?ects off the object and back to one or more image sensors 
in the camera, Which collect light intensity. The sensors may 
be for example, CCD or CMOS sensors. The sensors may 
comprise a pixel array, such that each pixel integrates light 
intensity over time, based on hoW many photons reach the 
pixel. The light intensity at the pixels may be processed to 
determine the depth values. One technique for determining 
distance to the object is based on the round trip time-of-?ight 
of the light. 

HoWever, differences in re?ectance of objects may lead to 
problems. For example, tWo objects at the same distance but 
With different re?ectivity Will result in different light intensity 
readings at the sensor. In order to combat this problem, and 
others, some techniques perform tWo different depth mea 
surements and combine the results. The tWo different depth 
measurements might use the same sensor, but be taken at 
different times. Therefore, there might be object (or camera) 
motion betWeen the time the measurements Were captured by 
the sensor. Alternatively, using tWo sensors alloWs the depth 
measurements to be taken at the same time. HoWever, the tWo 
sensors need to be located in different physical locations, 
Which could lead to parallax differences. The data collected 
from the tWo measurements needs to be correlated (or 
matched) to create a single depth image. HoWever, the afore 
mentioned differences in the tWo depth measurements can 
make correlating the depth measurements dif?cult or lead to 
inaccuracies. 

Additionally, depth cameras may suffer from noisy depth 
measurements. For example, there may be some background 
light that might be collected along With the light re?ected off 
objects. Noise can result in many other Ways. 

Therefore, further re?nements are needed Which alloW a 
more accurate determination of the depth of objects Within a 
?eld of vieW of a depth camera. The techniques should be 
compatible With existing depth detection cameras. 

SUMMARY 

Techniques are provided for determining depth or distance 
to objects Within a ?eld of vieW of an electronic device. A 
depth image may be determined based on tWo light intensity 
images that are collected at different places or times. Gener 
ating a depth image based on tWo light intensity images may 
compensate for differences in re?ectivity of objects in the 
?eld of vieW. An iterative process may be used to relax a 
requirement for an exact match betWeen the light intensity 
images. Thus, pixel misalignment betWeen the tWo light 
intensity images may be compensated for. Also, the iterative 
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2 
process may compensate for noise in the light intensity 
images. Therefore, a high quality depth image (e.g., ?nal 
depth values) may be generated using light intensity informa 
tion from multiple sensors, or from the same sensor at differ 
ent times. 
One embodiment includes a method of determining a depth 

image Which includes the folloWing. A depth image is calcu 
lated based on a ?rst light intensity image and a second light 
intensity image. The ?rst and second light intensity images 
contain pixel values for the same scene. The depth image is 
smoothed, and the ?rst light intensity image is modi?ed based 
on the smoothed output depth image and the second light 
intensity image. NeW values are calculated for the depth 
image based on the modi?ed ?rst light intensity image and the 
second light intensity image. Smoothing the depth image, 
modifying the ?rst light intensity image (Within pre-de?ned 
boundaries), and calculating neW values for the depth image 
are repeated until it is determined that processing the depth 
image is complete. At this point, pixels in the tWo light inten 
sity images are aligned and the re?ned depth image is com 
plete. 
One embodiment includes an apparatus comprising a pro 

cessor and a computer readable storage medium coupled to 
the processor. The computer readable storage medium has 
instructions stored thereon Which, When executed on the pro 
cessor cause the processor to perform the folloWing. The 
processor accesses a ?rst light intensity image and a second 
light intensity image that contain pixel values for the same 
scene. The processor determines boundary values for pixels 
in the ?rst light intensity image based on one or more neigh 
bor pixels in the ?rst light intensity image. The processor 
calculates a depth image based on the ?rst light intensity 
image and the second light intensity image and smoothes the 
depth image. The processor determines Whether to modify the 
?rst light intensity image based on results of smoothing the 
depth image. Upon determining that the ?rst light intensity 
image should be modi?ed, the processor modi?es the ?rst 
light intensity image based on the smoothed depth image and 
the second light intensity image. Modifying may include 
keeping values for the pixels in the ?rst light intensity image 
Within the boundary values. Also, the processor calculates 
neW values for the depth image based on the modi?ed ?rst 
light intensity image and the second light intensity image if 
the ?rst light intensity image Was modi?ed. The processor 
continues to modify the ?rst light intensity image and calcu 
late neW values for the depth image until it is determined not 
to modify the ?rst light intensity image. At this point, the tWo 
intensity images are aligned and the smoothed depth image 
extraction is complete. 
One embodiment includes a method of determining a depth 

image, comprising the folloWing. A ?rst light intensity image 
and a second light intensity image that have pixels With light 
intensity values for the same ?eld of vieW are accessed. 
Boundary values are determined for pixels in the ?rst light 
intensity image based on a possible pixel misalignment 
betWeen the ?rst light intensity image and the second light 
intensity image. A depth image is determined based on the 
?rst light intensity image and the second light intensity 
image. The depth image may be smoothed and a determina 
tion is made Whether to modify the ?rst light intensity image 
based on results of smoothing the depth image. The ?rst light 
intensity image may be modi?ed based on the smoothed 
depth image and the second light intensity image, Which may 
include performing an inverse of calculating the depth image. 
Also, modifying the ?rst light intensity image includes keep 
ing pixel values in the ?rst light intensity image Within the 
boundary values. NeW values for the depth image are calcu 
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lated based on the modi?ed ?rst light intensity image and the 
second light intensity image. The smoothing, modifying the 
?rst light intensity image, and calculating new values for the 
depth image are repeated until it is determined not to modify 
the ?rst light intensity image. 

This summary is provided to introduce a selection of con 
cepts in a simpli?ed form that are further described below in 
the description. This summary is not intended to identify key 
features or essential features of the claimed subject matter, 
nor is it intended to be used to limit the scope of the claimed 
subject matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 depicts an example embodiment of a motion capture 
system. 

FIG. 2A depicts an example block diagram of the motion 
capture system of FIG. 1. 

FIG. 2B depicts one possible con?guration of the image 
camera component depicted in FIG. 2A. 

FIG. 2C depicts another possible con?guration of the 
image camera component depicted in FIG. 2A. 

FIG. 3 is a ?owchart of one embodiment of a process of 
determining a depth image. 

FIG. 4A and FIG. 4B depict ?owcharts of embodiments of 
processes of generating ?rst and second light intensity 
images. 

FIG. 5A and FIG. 5B depict ?owcharts of embodiments of 
processes of generating ?rst and second light intensity images 
based on gated and un-gated sensors. 

FIG. 5C depicts a ?owchart of one embodiment of a pro 
cess of generating ?rst and second light intensity images 
having a phase difference between the images. 

FIGS. 6A, 6B and 6C depict one example of timing of a 
light pulse, and activation of a gated sensor and an un-gated 
sensor. 

FIGS. 7A and 7B are ?owcharts depicting embodiments of 
processing a depth image based on gated and un-gated sen 
sors. 

FIGS. 8A and 8B are ?owcharts depicting embodiments of 
processing a depth image based on input images having phase 
differences. 

FIG. 9 is a ?owchart of one embodiment of a process of 
determining boundary values when determining a depth 
image. 

FIG. 10 is a ?owchart of one embodiment of a process of 
using boundary values when determining a depth image. 

FIG. 11 depicts an example block diagram of a computing 
environment that may be used in the motion capture system of 
FIG. 1. 

FIG. 12 depicts another example block diagram of a com 
puting environment that may be used in the motion capture 
system of FIG. 1. 

FIGS. 13A, 13B, and 13C depict one example of a modu 
lated light beam, and activation of sensors for an embodiment 
of FIG. 5C. 

DETAILED DESCRIPTION 

Techniques are provided for determining depth to objects. 
A depth image may be determined based on two light inten 
sity images that are collected at different places or times. For 
example, a light beam may be transmitted into a ?eld of view 
with two image sensors at slightly different locations being 
used to collect two input light intensity images. As an alter 
native, the light intensity images might be collected from the 
same sensor but at different times. A depth image may be 
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4 
generated based on the two light intensity images. This tech 
nique may compensate for differences in re?ectivity of 
objects in the ?eld of view. However, there may be some 
misalignment between pixels in the two light intensity 
images. An iterative process may be used to relax a require 
ment for an exact match between the light intensity images. 
The iterative process may involve modifying one of the light 
intensity images based on a smoothed version of a depth 
image that is generated from the two light intensity images. 
Then, new values may be determined for the depth image 
based on the modi?ed light intensity image and the other light 
intensity image. In some embodiments, boundary values are 
determined for pixels in the light intensity image that is to be 
modi?ed based on possible pixel misalignment between the 
two light intensity images. The pixels in the light intensity 
image that gets modi?ed may be kept within their respective 
boundary values during processing. The iterative process may 
compensate for pixel misalignment between the two light 
intensity images. Stated another way, the iterative process 
may relax a requirement for tight pixel alignment between the 
two input light intensity images. Moreover, the iterative pro 
cess may compensate for noise in the light intensity images. 
Therefore, a high quality depth image may be generated using 
depth information from multiple sensors, or from the same 
sensor at different times. 

In some embodiments, determining a depth image is used 
in a motion capture system. Therefore, an example motion 
capture system will be described. However, it will be under 
stood that technology described herein is not limited to a 
motion capture system. FIG. 1 depicts an example of a motion 
capture system 10 in which a person interacts with an appli 
cation. The motion capture system 10 includes a display 196, 
a depth camera system 20, and a computing environment or 
apparatus 12. The depth camera system 20 may include an 
image camera component 22 having a light transmitter 24, 
light receiver 25, and a red-green-blue (RGB) camera 28. In 
one embodiment, the light transmitter 24 emits a collimated 
light beam. Examples of collimated light include, but are not 
limited to, Infrared (IR) and laser. In one embodiment, the 
light transmitter 24 is an LED. Light that re?ects off from an 
object 8 in the ?eld of view is detected by the light receiver 25. 
A user, also referred to as a person or player, stands in a 

?eld of view 6 of the depth camera system 20. Lines 2 and 4 
denote a boundary of the ?eld of view 6. In this example, the 
depth camera system 20, and computing environment 12 
provide an application in which an avatar 197 on the display 
196 track the movements of the object 8 (e.g., a user) For 
example, the avatar 197 may raise an arm when the user raises 
an arm. The avatar 197 is standing on a road 198 in a 3-D 
virtual world. A Cartesian world coordinate system may be 
de?ned which includes a Z-axis which extends along the focal 
length of the depth camera system 20, e.g., horiZontally, a 
y-axis which extends vertically, and an x-axis which extends 
laterally and horiZontally. Note that the perspective of the 
drawing is modi?ed as a simpli?cation, as the display 196 
extends vertically in the y-axis direction and the Z-axis 
extends out from the depth camera system 20, perpendicular 
to the y-axis and the x-axis, and parallel to a ground surface on 
which the user stands. 

Generally, the motion capture system 10 is used to recog 
niZe, analyZe, and/ or track an object. The computing environ 
ment 12 can include a computer, a gaming system or console, 
or the like, as well as hardware components and/or software 
components to execute applications. 
The depth camera system 20 may include a camera which 

is used to visually monitor one or more objects 8, such as the 
user, such that gestures and/or movements performed by the 
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user may be captured, analyzed, and tracked to perform one or 
more controls or actions Within an application, such as ani 
mating an avatar or on-screen character or selecting a menu 

item in a user interface (U I). 
The motion capture system 10 may be connected to an 

audiovisual device such as the display 196, e.g., a television, 
a monitor, a hi gh-de?nition television (HDTV), or the like, or 
even a projection on a Wall or other surface, that provides a 
visual and audio output to the user. An audio output can also 
be provided via a separate device. To drive the display, the 
computing environment 12 may include a video adapter such 
as a graphics card and/or an audio adapter such as a sound 
card that provides audiovisual signals associated With an 
application. The display 196 may be connected to the com 
puting environment 12 via, for example, an S-Video cable, a 
coaxial cable, an HDMI cable, a DVI cable, a VGA cable, or 
the like. 

The object 8 may be tracked using the depth camera system 
20 such that the gestures and/or movements of the user are 
captured and used to animate an avatar or on-screen character 
and/or interpreted as input controls to the application being 
executed by computer environment 12. 
Some movements of the object 8 may be interpreted as 

controls that may correspond to actions other than controlling 
an avatar. For example, in one embodiment, the player may 
use movements to end, pause, or save a game, select a level, 
vieW high scores, communicate With a friend, and so forth. 
The player may use movements to select the game or other 
application from a main user interface, or to otherWise navi 
gate a menu of options. Thus, a full range of motion of the 
object 8 may be available, used, and analyZed in any suitable 
manner to interact With an application. 

The person can hold an object such as a prop When inter 
acting With an application. In such embodiments, the move 
ment of the person and the object may be used to control an 
application. For example, the motion of a player holding a 
racket may be tracked and used for controlling an on-screen 
racket in an application Which simulates a tennis game. In 
another example embodiment, the motion of a player holding 
a toy Weapon such as a plastic sWord may be tracked and used 
for controlling a corresponding Weapon in the virtual World of 
an application Which provides a pirate ship. 

The motion capture system 10 may further be used to 
interpret target movements as operating system and/ or appli 
cation controls that are outside the realm of games and other 
applications Which are meant for entertainment and leisure. 
For example, virtually any controllable aspect of an operating 
system and/ or application may be controlled by movements 
of the object 8. 

FIG. 2A depicts an example block diagram of the motion 
capture system 10 of FIG. 1. The depth camera system 20 may 
be con?gured to capture video With depth information includ 
ing a depth image that may include depth values. Technique 
for determining the depth image are described herein. The 
depth camera system 20 may organiZe the depth information 
into “Z layers,” or layers that may be perpendicular to a Z-axis 
extending from the depth camera system 20 along its line of 
sight. 
The depth camera system 20 may include an image camera 

component 22, such as a depth camera that captures the depth 
image of a scene in a physical space. The depth image may 
include a tWo-dimensional (2-D) pixel area of the captured 
scene, Where each pixel in the 2-D pixel area has an associated 
depth value Which represents either a linear distance from the 
image camera component 22 (radial distance) or the Z com 
ponent of the 3D location vieWed by the pixel (perpendicular 
distance). 
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6 
The image camera component 22 may include a light trans 

mitter 24 and one or more light sensors 25 to capture depth 
information. For example, depth camera system 20 may use 
the light transmitter 24 to emit light onto the physical space 
and use light sensor 25 to detect the re?ected light from the 
surface of one or more objects in the physical space. 

In some embodiments, the light transmitter 24 transmits 
pulsed infrared light. The light pulses re?ect off from objects 
in the ?eld of vieW and are collected at sensors, Which may 
integrate the photons over time. For example, each pixel 
contains a light intensity value based on hoW many photons 
reach that pixel over a collection period. Depth values may be 
determined based on the light intensity. Such techniques are 
sometimes referred to as “time-of-?ight” measurements as 
there may be a relationship betWeen the light intensity at a 
pixel and the round trip time of ?ight of the light. 

In some embodiments, the transmitted light is modulated at 
desired frequency. The modulated light re?ects off from 
objects in the ?eld of vieW and is collected at one or more 
sensors, Which may integrate the photons over time. In one 
embodiment, one sensor collects light When the transmitted 
light (at the source) has a ?rst phase (or range of phases) and 
a second sensor collects light When the transmitted light has a 
second phase (or second range of phases). This technique 
may also be referred to as a “time-of-?ight” measurement as 
there may be a relationship betWeen the light intensity at a 
pixel and the round trip time of ?ight of the light. 
The depth camera system 20 may capture tWo or more light 

intensity images of the same scene and process them to gen 
erate a single depth image. In one embodiment, tWo light 
intensity images are captured at the same time, but With tWo 
different sensors. FIG. 2B depicts one possible con?guration 
of the image camera component 22 in Which the light trans 
mitter 24 is centered betWeen tWo light sensors 25a, 25b. In 
this example, one light sensor 25a is above the light source 24 
and the other light sensor 25b is beloW the light source 24. 
Other con?gurations could be used. For example, one light 
sensor 250 may be to the left of the light source 24 and the 
other light sensor 25d may be to the right of the light source 
24, as depicted in FIG. 2C. In FIG. 2B, the sensors 25a, 25b 
are aligned along the y-axis. In FIG. 2C, the sensors 25c, 25d 
are aligned along the x-axis. In some embodiments, the image 
camera component 22 can be tilted by the use of a motor or the 
like. Therefore, it Will be appreciated that the orientation of 
the sensors 25 is not required to be along either anx- ory-axis. 
Information about the physical con?guration of the light sen 
sors 25 relative to the light transmitter 24 may be used When 
processing the tWo captured light intensity images to generate 
the ?nal single depth image. In some embodiments, the tWo 
light intensity images are captured With the same light sensor 
25, but at different times. 
The red-green-blue (RGB) camera 28 may be used to cap 

ture a visible light image. The depth camera system 20 may 
further include a microphone 30 Which includes, e.g., a trans 
ducer or sensor that receives and converts sound Waves into an 
electrical signal. Additionally, the microphone 30 may be 
used to receive audio signals such as sounds that are provided 
by a person to control an application that is run by the com 
puting environment 12. The audio signals can include vocal 
sounds of the person such as spoken Words, Whistling, shouts 
and other utterances as Well as non-vocal sounds such as 

clapping hands or stomping feet. In some embodiments, the 
microphone 30 is a microphone array, Which may have any 
number of microphones running together. 

The depth camera system 20 may include a processor 32 
that is in communication With the image camera component 
22. The processor 32 may include a standardized processor, a 




















